Abstract-The coherence factor (CF) is defined as the ratio of coherent power to incoherent power received by the radar aperture. The incoherent power is computed by the multi-antenna receiver based only on the spatial variable. In this respect, it is a 1-D CF, and thereby the image sidelobes in down-range cannot be effectively suppressed. We propose a 2-D CF by supplementing the 1-D CF by an incoherent sum dealing with the frequency dimension. In essence, we employ both spatial diversity and frequency diversity which, respectively, enhance imaging quality in crossrange and range. Simulations and experimental results are provided to demonstrate the performance advantages of the proposed approach.
This communication is focused on suppressing imaging ghosts and target sidelobes. Approaches exploiting aspect-dependent characteristics to suppress multipath ghosts by subaperture imaging strategies were presented in [12] and [13] . The total variation constrained sparse reconstruction method was presented in [14] to mitigate ghosts for detection of human behind walls. A simple but powerful approach for enhanced radar imaging is the coherence factor (CF) filtering that alleviates clutter by suppressing its low-coherence features [6] , [7] , [15] . The CF is defined as the ratio of the coherent power received by the radar aperture to the incoherent power, and it is calculated for every position in the image scene. CF was first applied in ultrasonic imaging [16] , [17] , and then successfully employed in through-the-wall radar imaging [15] .
At the target location, CF takes a unit value, signifying that the coherent and noncoherent summations assume equal values. However, considering a location where there is no target, the coherent sum becomes much lower than the noncoherent sum, yielding a small CF value. Therefore, ghosts and sidelobes can be suppressed by the mere multiplication of the radar image with the CF map. The latter comprises the CFs at all locations. In essence, the CF utilizes angle diversity, rendered by the multi-sensor configuration, to suppress undesired image components.
However, the incoherent summation of CF is implemented only along the array aperture, or the azimuth dimension, specifically the phase delays corresponding to a presumed target are adjusted for in-phase summation. In this respect, the CF can be used to attenuate spurious image components along the cross-range dimension, but has minor impact on the suppression of sidelobes and clutter along the range dimension. This calls for employing another diversity measure in the frequency dimension to address this problem.
In this communication, we expand the incoherent summation in the original CF over the frequency dimension. Since we use two types of diversities, namely angle and frequency, the sidelobes and ghosts of low-coherence features will be effectively suppressed compared with the original CF. This approach is also applicable to the phase CF (PCF) [18] -another commonly used method to suppress undesired image components [19] . It depends on the standard deviation of the complex exponential function in regard to the phase distribution of multiple antenna positions for an image pixel [20] .
The remainder of this communication is as follows. Section II presents the formulation of the near-field radar imaging for a generalized configuration. In Section III, we propose the 2-D CF. Numerical simulations and experimental results are shown in Section IV. Finally, concluding remarks are presented in Section V.
II. NEAR-FIELD RADAR IMAGING BY BP ALGORITHM
We consider a generalized radar imaging geometry with multipleinput multiple-output (MIMO) array, as illustrated in Fig. 1 . The imaging system has M transmitters, which illuminate the target g(x, y), and N receivers.
Under Born approximation, the scattered EM wave is given by
0018-926X © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information. where f is the operating frequency, rT = (xT, yT) represents the transmitter position, rR = (xR, yR) is the receiver position, r = (x, y) denotes the coordinates of the imaging scene, g( r) represents the scattering coefficients of the target, G represents the imaging scene, c is the speed of EM wave in free space, and R( r, rT, rR) is the two-way distance from the transmitting antenna to the target to the receiving antenna
The forward model in (1) is linear. This means that only the direct reflections from the scattering centers are considered. The radar image can be reconstructed by the convolution back-projection (BP) algorithm [21] , as shown by the following two steps:
Equation (3) can be efficiently computed by an inverse fast Fourier transform (IFFT) followed by an interpolation from the uniform grids to the grids corresponding to R( r, rT, rR).
Transmitted signals are typically designed as step-frequency EM waves. This implies that f is chosen as fi = f0 +iΔf , where f0 and Δf are, respectively, the initial frequency and frequency step size, and i = 0, 1, . . . , I − 1.
III. 2-D COHERENCE FACTOR
The CF was first applied in ultrasonic imaging [16] , and then utilized in through-the-wall radar imaging [6] , [15] to enhance image quality. CF measures the ratio between the total coherent power to the total incoherent power received by the antenna aperture, and is expressed as [16] 
where smn( r) represents s( r, rT m , rR n ) in (3) . Notice that the numerator in (5) is the squared image of g( r) in (4) . The values of CF vary from zero to one and provide information about the low-and high-coherence regions in the image scene. The CF-enhanced image is obtained by multiplication of the BP image with the relevant CF map, that is,
According to (5) and (6), features with low coherence, such as ghosts and sidelobes, will be suppressed or significantly attenuated.
From the perspective of tomography [21] , the radar image is obtained by coherent summation corresponding to (3) and (4) . At the target location, the phase delays induced by wave propagation are fully corrected. Thus, the coherent sum is responsible for providing MNI gain at the target location which represents the center of the main lobe of the point spread function. At other positions, however, where there are no targets, the different residual phases produce positive and negative terms in the summation, giving rise to sidelobes and ghosts of the point spread function.
Considering the denominator in (5), we maintain that the term smn( r) represents the down-range profile mapping at a 2-D image scene, i.e., the phase delays induced by the wave propagation are corrected for each transmitting and receiving antenna pair. The range profile smn( r) for the mth transmitter and nth receiver is illustrated by an arc defined by their distance separation. At the target location, the incoherent summation over all array elements (antenna pairs) should be equal to the square of the coherent sum, rendering the CF value equals to one. However, for other points along the arc traces, the incoherent sum remains high, while the coherent sum is reduced due to the process of adding components with different phases. This results in smaller values of CF that, upon multiplication of the radar image would lead to ghost and sidelobe suppressions.
However, the incoherent sum in the denominator only incorporates the aperture direction, since according to (3) , smn( r) has already been coherently compensated for the phase delays along the frequency variable. The incoherent sum of a point target can be illustrated in Fig. 2 , where s11 and s22 represent the downrange profiles corresponding to antenna pairs: (T1, R1) and (T2, R2), respectively. Clearly, the higher value zone will reside in the aperture direction. Since this term exists in the denominator of (5), the CF values along this direction will be smaller than one except for the target position; however, the values in the range dimension will be larger than those in the aperture direction.
We give a simple example to show the CF map of a point target image in Fig. 3 . The denominator of CF is shown in Fig. 4(a) . Clearly, large values are located along the azimuth direction due to the incoherent sum over the aperture. This leads to smaller CF values along the azimuth direction and larger values along the range direction, as illustrated in Fig. 4(b) . The enhanced radar image is shown in Fig. 5 , which is consistent with the above analysis. The sidelobes in the range dimension are much higher than those in the azimuth dimension.
To improve the image quality in range, we can introduce another incoherent sum over the frequency dimension with the goal of suppressing range sidelobes. To invoke the frequency dependence, we express the BP algorithm as follows:
Thus, the CF with incoherent sum over the different frequencies, denoted as CF f , is given by
where si( r) represents s( r; fi) in (7) with f = fi. It is noted that the numerators in (9) and (5) assume equal values since they both represent the same near-field radar images reconstructed by coherent summation after compensating for the phase delays. Note that the incoherent summation in (9) is performed in the frequency dimension, enabling effective suppression in the range sidelobes. However, in this case, the sidelobes along the cross-range remain pronounced. In essence, the role of CF f is opposite to that of CF. The CF f map, its denominator, and the corresponding enhanced radar image are demonstrated in Figs. 6 and 7(a) .
In order to reap the benefits of both CFs, we introduce the 2-D CF which would effectively suppress the sidelobes in the azimuth and range dimensions simultaneously. That is,
where CF 2D ( r) = CF( r) · CF f ( r). The 2-D CF-enhanced image is shown in Fig. 7(b) . Clearly, the sidelobes along the two dimensions are vividly suppressed. The effect of CF, CF f , and CF 2D on ghost suppression is analogous to that on the target sidelobes, and will be shown in Section IV.
Next, we carry the same concept of combined spatial-frequency factor to another commonly used tool for clutter suppression-PCF defined as [18] PCF( r) = 1 − std(e Conversely, if all the phases are equal, the standard deviation is zero and PCF becomes unity. In between, PCF takes much smaller values than one for out-of-focus ghosts and sidelobes [18] .
Similar to CF, PCF is also only defined along the aperture direction, and as such, becomes ineffective for range sidelobe suppression. We can define a new PCF by calculating standard deviation in the frequency dimension as
where si( r) denotes the image obtained at the ith frequency described in (7). Thus, the corresponding 2-D PCF can be expressed as
and the 2-D PCF-enhanced image is given by
Fig . 8(a) and (b) shows the original PCF-enhanced image and the PCF f -enhanced image, respectively. The 2-D PCF-enhanced result is demonstrated in Fig. 9 .
IV. SIMULATIONS AND EXPERIMENTAL RESULTS
This section shows the performance improvement offered by the 2-D CF and PCF in suppressing ghosts and sidelobes, using both simulations and real data. 
A. Simulation Results
For multipath simulations, we employ ANSYS HFSS, which is a finite-element method (FEM)-based 3-D EM-field simulator for computing the scattered waves. To reduce simulation time, we consider a single-input multiple-output (SIMO) imaging model, as illustrated in Fig. 10 . There are three cylinder-shape targets, in the scene, with radius and height being 10 and 20 cm, respectively. The transmitting antenna is located in the middle of array, whereas the receiving antennas are placed on an arc with a radius of R0 = 10 m. The simulation parameters are given in Table I . Fig. 11 shows the imaging result by the BP algorithm. It is clear that there are two spurious targets labeled as ghosts and shown by red circles. Also, sidelobes are very pronounced both in the range and azimuth dimensions. The enhanced images by the original CF and the CF f , defined in (9) , are shown in Fig. 12 (a) and (b), respectively. Note that the ghosts are reasonably suppressed by both factors. However, as evident in Fig. 12(a) , the original CF is much less effective in suppressing the sidelobes along the range dimension compared to the azimuth dimension. The opposite is true for CF f , as demonstrated in Fig. 12(b) .
The proposed 2-D CF-enhanced image is shown in Fig. 13(a) . The sidelobes along the two dimensions are both considerably suppressed. Further, the 2-D CF yields better ghost suppression by more than 5 dB compared to that offered by the original CF. Fig. 13(b) provides the amplitudes of the upper-left ghost corresponding to the BP, the original CF, and the proposed 2-D CF. Clearly, the 2-D CF can provide a much more suppression of sidelobes and ghosts compared with the original version.
Figs. 14 and 15(a) demonstrate the imaging results by the original PCF, the proposed PCF with standard deviation in the frequency dimension, and the 2-D PCF, respectively. The same relative improvement in image quality is evident. The quantitative suppression of the ghosts is given in Fig. 15(b) .
Comparing Figs. 13 and 15, one can observe that the PCF-based approaches perform slightly better than the CF-related approaches.
B. Experimental Results
In addition to simulations, we use an X-band radar to verify the performance of the proposed method. The radar was fixed on a support frame and the target under test (three fire extinguishers with radius and height being 65 and 40 cm, respectively) was put on a turntable, as shown in Fig. 16 . Fig. 18(a) and (b) , respectively. The image of the 2-D CF is shown in Fig. 19(a) , with the quantitative suppression of the upper-right ghost for different methods illustrated in Fig. 19(b) . In the latter, the 2-D sidelobes, as well as ghosts, are clearly suppressed. The CF-related methods were mainly aimed at imaging of the point-type targets (from the point of view of radar). Future work calls for expanding these methods for imaging of complex targets [22] .
V. CONCLUSION
This communication proposed a 2-D CF (including PCF) filtering approach for near-field radar imaging through introducing another incoherent summation in the frequency dimension. The incoherent summation corresponds to diversity of the target spatial spectrum. Due to the use of 2-D diversities, i.e., the antenna diversity and the frequency diversity, the 2-D CF can provide more suppression of sidelobes and ghosts compared with the original versions. Simulations and experimental results demonstrated that the proposed approach improves over the original CF or PCF when considering the suppression of sidelobes and ghosts.
